In West Africa, Onchocerca volvulus, the cause of human onchocerciasis, is transmitted by sibling species of the Siinuliuin dainizosuin complex. Little is known about blackfly intraspecific variability and its consequences on.vectoria1 capacity. This study reports the use of microsatellite markers for differentiating populations of S. damiiosuin s. 1. Five nlicrosatellite loci were characterized and used to analyze individuals from two savannah populations in Mali, 120 km apart.
. Largely on the basis of fixed inversion differences, at least nine sibling species have been identified (Boakye 1993; Wilson and Post 1994) , some of which are restricted to either the savannah or the forest. Simulizim squamosum, Simulium ynhense, Simulitiin sanctipauli, Simulium soubrense, Siinuliunz leonense, and Simulium konkourense belong to the forest group and are divided into two subcomplexes, S. sanctipauli and S. squamosum. Simulium damnosum S.S., Simulium sirbanum, and Simulium dieguerense are classified under the S. damnosuin subcomplex of the savannah group. This classification was made up on the basis of the different species' habitats. All these species are vectors of onchocerciasis, but with various vectorial capacities.
To better understand disease epidemiology and to develop more effective control strategies, it was necessary to examine the vectorial role of the different Simulium species according to the O. volvulus strains. Duke et al. (1966) showed that parasites from the savannah area developed very poorly in forest flies, but well in savannah flies, and vice versa for forest parasites, leading to the theory of vector-parasite transmission complexes.
Utilization of molecular tools has allowed accurate identification of both parasite strains and vector species. Meredith et al. (1991) developed a method based on a combination of PCR and DNA probes that can discriminate between the two O. volvulus strains directly in vector blackflies, and we developed microsatellite markers to identify parasite populations (S. Herder, V. Dumas, J.-P. Aussel, C. Bellec, and G. Cuny, submitted for publication)? Concerning vector identification, two main approaches have been used: (i) cytological analysis. of polytene chromosomes, which can only be performed in larvae, and (ii) an isoenzyme approach investigated by / Meredith and Townson (1981) , who examined 44 enzyme systems of the S. damnosum complex. However, this method allowed only two species of the complex to be distiguished.
A wide range of molecular techniques has been tested (Post and Flook 1992; Agatsuma et al. 1993; Brockhouse et al. 1993; Wilson and Post 19941 , though none enabled differentiation in every sibling species in adult flies. More recently, a method developed by Tang et al. (1995) , based on direct heteroduplex analysis (DHDA) of mitochondrial DNA, allowed differentiation in every sibling species except S. sqiianzosum and S. yahense. Using this technique in combination with worm-specific probes, Toé et al. (1997) To this end, we have chosen microsatellite markers, which * S. Herder, V. Dumas, J.-P. Aussel, C. Bellec, and G. Cuny.
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are powerful tools for measuring genetic variation within populations and gene flow among populations (Bruford and Wayne 1993; Jarne and Lagoda 1996) . Microsatellites consist of tandem repeats of short (1-6 bp) nucleotide motifs widely dispersed throughout eucaryotic genomes. Most microsatellites are highly polymorphic, as a result of variation in the number of repeat units. Length polymorphism is likely to be due to slippage occurring during DNA replication (Schlötterer and Tautz 1992) . Different alleles are characterized by the length in base pairs of DNA amplified by PCR using primers derived from sequences flanking the microsatellite. Because of their codominance, neutrality, and Mendelian inheritance, microsatellites can be very useful for population genetic studies. They have been used recently in social insects, such as wasps (Hughes and Queller 1993; Thorén et al. 1993 , ants (Gertsch et al. 1995 , and bees (Estoup et al. 1993 (Estoup et al. , 1995a (Estoup et al. , 1995b , and also in Anopheles gambiae, the principal vector of malaria (Lanzar0 et al. 1995) , and Glossina palpalis (Solano et al. 1997 ). These population genetics surveys showed the high efficiency of microsatellites for differentiating insect populations and studying their genetic structure. Thus, microsatellites can play a role in vector control in the epidemiology of onchocerciasis, as they can be a powerful tool for (i) analyzing reinvasion phenomena in treated areas, since the migration of flies from untreated regions could lead to a recrudescence of O. volvulus infection, and (ii) identifying populations resistant to insecticides.
We report here the isolation and characterization of five microsatellite loci in S. damnosum s.l., focused on the genetic variability in two populations of S. damnoszinz s.1. from Mali.
Materials and methods
Collection of blackflies Larvae used in the construction of a partial genomic library were collected from a S. sqiiamosrim population from the Sanaga River in Cameroon. Adult flies (provided by the Onchocerciasis Control Program (OCP)) used in this study were collected at human bait on the same day (10/14/94) from two savannah foci in Mali: N'Zana (a reinvasion focus), situated on the Baoule River (1 1"49'N, 7"1 IV), and Tienfala (a permanent focus), on the Niger River (12"44'N, 7O45'W). These two foci were under OCP control at this period. Flies were preserved in absolute ethanol and stored at 4°C.
Banding patterns of giant polytene chromosomes found in salivary glands were used for cytotaxonomic identification of larval samples collected in the rivers close to the capture points (Vajime and Dunbar 1975) . At the Tienfala site, 100% of the larvae were S. sirbanurn. At the N'Zana focus, larval identification indicated the presence of two species, S. sirbunilm and S. damnosnm, in the dry season. After insecticide treatment, this focus became unproductive until the reinvasion process. Cytotaxonomic identifications done after reinvasion revealed that 95% of the samples were S. sirbanum.
We used adult samples for this study and, as is generally assumed, we considered that larvae would be an accurate reflection of adult species distribution.
DNA preparation
Simulium sqziamosum DNA was extracted from a pooled larvae. Fifty larvae were frozen and thawed three times and homogenized with a mortar and pestle. The homogenate was then transferred to a tube in NET buffer (50 mM NaCl, 10 mM EDTA, plus 50 mM Tris-HC1, pH 8.0); proteinase K (Boehringer) and Triton X-100 (Sigma) were
added to final concentrations of 100 pg1m.L and 1%, respectively. The mixture was then incubated at 60°C for 1 h and at 37°C overnight. RNase A (Boehringer) was added to a final concentration of 100 pg/mL and the solution was incubated for a further 30 min at 37°C. DNA was extracted twice with phenol-chloroform and precipitated with ethanol. For PCR analysis of microsatellites, DNA was first extracted as above from 49 adult flies of each population. Thereafter, to reduce the number of steps in sample preparation, we improved the method of extracting DNA from flies by using Chelex 100 (Bio-Rad) chelating resin (Walsh et al. 1991) . Five percent Chelex 100 (100 pL) was added to one leg of a blackfly. After incubation at 56°C for 1 h, DNA was denatured at 95°C for 30 min. During boiling, Chelex would prevent the degradation of DNA by sequestering metal ions. A 20-pL aliquot of the supernatant was added to the PCR mixture and the remainder of the sample was stored frozen.
Microsatellite cloning and sequencing DNA was digested with the restriction enzyme HueIII and sizefractionated on a 1.5% low melting point agarose gel. Restriction fragments ranging from 300 to 600 bp were extracted from the gel and ligated into the EcoRV dephosphorylated site of M13BM20 vector (Boehringer Mannheim). The ligation mixture was transformed into Escherichia coli XL1 cells, using an electroporator II (Invitrogen).
After replica plating, the genomic M13 library was screened by transferring plaques onto Hybond N+ nylon membranes (Amersham).
The filters were successively soaked in denaturing (0.5 M NaOH -1.5 M NaCl) and neutralizing (0.5 M Tris (pH 8.0) -1.5 M NaCl) buffers and air-dried. Equal mixtures (100 ng) of poly(CA),/ poly(GT), and poly(GA),/poly(CT), used as probes were labelled by random priming with 100 pCi (1 Ci=37 GBq) of [CX~~-P]~CTP, using a Megaprime DNA labelling kit (Amersham). Prehybridization was carried out in a hybridization oven for 1 h at 65°C in a buffer prepared from hybridization buffer tablets (Amersham). The klenatured probe was then added directly to the filters (in the same buffer) and hybridized for 4 h at 65°C. Hybridization was followed by two washes of 15 min each in 2~ SSPE (IX SSPE: 0.18 M NaCl, 10 mM NaPO,, plus 1 mM EDTA, pH 7.7) -0.1% SDS at room temperature, and two washes of 15 min in IX SSPE -0.1% SDS at 65°C. Dried filters were then autoradiographecYon Hyperfilm (Amersham) at -70°C for 2-16 h. Single-stranded template DNA was prepared from all plaques showing strong hybridization signals and dotted onto a filter. After hybridization with the same probes, clones giving the strongest signals were selected for sequencing.
DNA sequencing was performed using the dideoxy chain termination method (Sanger et al. 1977) with the Taq Dye Primer Cycle Sequencing Kit (Applied Biosystems), and the reaction products were analyzed using an Applied Biosystems 373A DNA sequencer.
Detection of length polymorphism in microsatellite loci
Specific primers were chosen from the region immediately flanking the microsatellite sequence to give PCR products in the range of 150-200 bp. These primers, 20-22 bases in length, were selected with computer assistance (OLIGO software, version 3.2, National Biosciences, Inc.), to minimize self-annealing, and synthesized (Eurogentec). Standard PCRs were carried out using a DNA thermal cycler (Perkin-ElmerKetus) in 50 pJl, final volumes, containing 20 ng of purified DNA or 20 pL of DNA prepared by Chelex extraction, 20 pmol of each primer, 200 pM dNTPs, 1.5 mM MgCl,, lx reaction buffer (1OmM Tris-HC1 pH 9.0,50mM KC1,1.5 mM MgCl,), and 1 U Taq DNA polymerase (Perkin-ElmedCetus). After an initial denaturation at 92°C for 5 min, samples were processed through 30 or 40 cycles (according to the locus) consisting of a denaturation step at 92°C for 30 s, an annealing step at 50°C for 30 s, and an extension step at 72°C for 1 min. The last elongation step was lengthened to 10 min. Amplifications were checked on 2% agarose gels visualized by ethidium bromide staining under UV light. PCR bands were then resolved on Genome, Vol. 41, 1998 nondenaturing acrylamide gels (12.5%) and revealed by a rapid silver-staining procedure (Sanguinelti 1994 ).
The precise size of alleles was determined by PCR in the presence of [~t~~-sldATP, followed by electrophoresis on a 6% denaturing polyacrylamide gel containing 8 M urea. The PCR conditions were those described above, except that the dNTP concentrations (75 p M dGTP, dCTP, and dTTP; 6 p M dATP; and 3 pCi [c~~~-S]~ATP) and the number of cycles (25 cycles) were lowered. The sequencing reaction of the M13 phage obtained using the T7 Sequencing Kit (Pharmacia) was used as a precise size marker.
Data analysis
Genetic polymorphism in each population was measured as the mean number of alleles per locus, observed heterozygosity, and gene diversity (Nei 1987) . Deviations from Hardy-Weinberg expectations, genotypic linkage disequilibria, and differentiation among populations were tested using the GENEPOP software, version 1.2 (Raymond and Rousset 1995) . The test of Hardy-Weinberg proportions for less than five alleles is an exact test. For five alleles or more, a Markov chain is used to obtain an unbiaised estimate of the exact probability. The genotypic linkage disequilibrium between pairs of loci was estimated using the common correlation coefficient (Weir 1990) , and tested using Fisher's exact test on a contingency table. To test for genotypic linkage disequilibrium and genetic differentiation among populations, GENEPOP also uses a Markov chain method. In all cases, the Markov chain was set to 100 O00 steps and 1000 steps of dememorization. Standard errors were always below 0.005. The overall significance of multiple tests was estimated by Fisher's combined probability test (Fisher 1970) . FIS rates the possible decrease in heterozygosity of individuals in their subpopulation. A heterozygote deficiency is indicated by FIS > O, whereas for a subpopulation at Hardy-Weinburg equilibrium, FIS = O; FIS (inbreeding coefficient) values were computed according to Weir and Cockerham (1984) , using the GENEPOP software.
Results

Characteristics of microsatellite loci
The plaques of the partial M13 library were replicated onto 22 nylon discs and screened with the radiolabelled (CNGT), and (GNCT),, probes. These probes were chosen because of the high abundance of these types of microsatellite sequences in insect genomes (Thorén et al. 1995) . Of approximately 4000 recombinant clones, 57 gave a positive signal. These clones were dot blotted and rescreened. to ensure specificity. The 29 clones giving the strongest signals were sequenced; 18 were false positives and microsatellite sequences were successfully obtained for 11, of which 7 were unique. The presence of false positives can be explained by an imperfect homology of sequence between the clones and the microsatellite probes, owing to the low stringency of the hybridization washes. Primer pairs could be designed for 5 of them only, as the remaining two had microsatellite repeat located too close to the cloning site to allow primer selection.
Simple DNA repeat sequences may be considered as microsatellites when the number of repeats is greater than six for dinucleotide,,motifs and greater than four for trinucleotide motifs (Stallings et al. 1991) . Following these criteria, one microsatellite was excluded, because it included four repeats only: (CAA),. Four microsatellite loci were then selected for analysis by PCR amplification. A fifth microsatellite locus was identified from a published sequence of the spacer region be- L 1 2 3 4 . 5 6 7 8 9 10 11 12 13 L tween the two histone genes H3 and H4 (Wilson and Post 1994) . These five repeat sequences are shown in Table 1 . Using the classification of Weber (1990)' loci 60.1, 64.2, and 7.4 can be classified as imperfect, with point mutations within the repeat motif, and loci 7.1 and H3.4 as compound.
Microsatellite polymorphism
The five pairs of primers (Table 1) developed for the S. damnosum complex were first tested on larval DNA purified from a few individuals from each of the following sibling species:
S. sqnamosum, S. soubreme, and S. sirbanum. All loci could be amplified in every tested species and presented a high level of polymorphism within and among species (data not shown).
To investigate whether these microsatellite loci showed an intrapopulational polymorphism in the S. damnosum complex, PCR analysis was performed on Chelex-purified DNA of 49 individuals from the N'Zana population. Amplifications of DNA from each individual of the population were successful with all primer sets. An example of the polymorphism of microsatellites resolved on nondenaturing polyacrylamide gel is shown in Fig. 1 . All loci, except locus 7.1, were polymorphic. 
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The precise size of alleles was scored on a denaturing polyacrylamide gel, using an M13 sequence ladder. Alleles differed in length by multiples of 2 bp for loci 60.1'64.2, and 7.4 and of 3 bp for locus H3-4. This suggests that length variation results from differences in the number of repeat units in the microsatellite region. The number of alleles observed in the N'Zana population is given in Table 2 . All loci exhibited at least eight alleles, and each microsatellite was found to be highly polymorphic, with gene diversity ranging from 77.4 to 86.7% ( 
Null alleles
Mutations or deletions within the DNA sequences complementary to PCR primers may inhibit their binding, leading to a reduced or complete loss of allele amplification. Such nondetectable or null alleles produce heterozygote deficiency, since some heterozygous individuals are mistyped as homozygotes. Null alleles can be revealed through lo@@ring the priming stringency or redesigning primers (Callen et al. 1993) . New primers flanking the original primers were designed to generate larger products*for the two loci showing heterozygote deficiency (64.2 and H3-4), and all the originally homozygous individuals were reawlyzed. The sequences of these primers and the new expected sizes of the amplified DNA are given i n Table 1 . Only the forward primer was redesigned for locus 64.2, as the reverse strand was too short to allow new primer selection. Of 22 homozygotes at locus 64.2 and 21 homozygotes at locus H3-4,7 and 2 individuals, respectively, became heterozygous with the new primers. The molecular basis of null alleles was investigated by sequencing the seven PCR products of locus 64.2. Sequence data revealed: (i) the null allele was caused by five point mutations with respect to the original forward primer, which prevented correct annealing in PCR experiments; (ii) the seven sequenced alleles exhibited the same mutations at the same positions; and (iii) these mutations are associated with two null alleles that have different numbers of (GT) repeats, i.e., alleles (GT)13 and (GT)14. The genotypic analysis was performed again, taking into account null alleles. Heterozygosity rose from 55.1 to 70.8% at locus 64.2 and from 57.1 to 64.6% at locus H3-4 (Table 2) .
However, heterozygote deficiencies were still observed. The results of the Hardy-Weinberg tests are given in Table 2 . Loci 64.2 and H3-4 still showed significant deviations from HWE.
Genetic variability among populations
To assess the potential of the microsatellite approach for population genetics of S. ~i i~t u l i~m , we decided to perform a similar study in another geographic area, the Tienfala focus, 120 km away. The results are shown in Table 2 . All loci were highly polymorphic, except locus 7.1, with 9 alleles at the least variable locus (7.4) and 12 alleles at the most variable locus (64.2). Gene diversities were high, varying between 79.6 and 88.2%. Of the four polymorphic loci, three (60.1, 64.2, and 7.4) showed significant heterozygote deficiencies and significant deviation from HWE. Combined probability tests over all loci revealed a significant departure from HWE for the two populations (p = 0.0003 for N'Zana andp < lo4 for Tienfala), and
combined FE values revealed important heterozygote deficiencies (FIS = 0.13 for N'Zana and FI, = 0.16 for Tienfala).
The distributions of allele frequencies at the four polymorphic loci are given in Fig. 2 for the two populations studied. Comparison of these distributions indicates some differences, except at locus 7.4. Some alleles occurred in a single population only, such as alleles 201 and 203 at locus 60.1 in the N'Zana population and allele 185 at the same locus in the Tienfala population. However these particular alleles are present at a low frequency in each population, Given the relatively small number of individuals examined, we cannot conclude for certain as to the presence of fixed alleles.
The exact test for population differentiation was computed for all loci and among the two populations. The mean p value (p < lo4) indicates that there is a significant difference between the two populations.
As stated in Materials and methods, a.cryptic species might account for 5% of the samples in ,the N'Zana focus. Alleles found only in this population could be attributed to individuals of the cryptic species, and we eliminated 3 samples with alleles 201 and (or) 203 at locus 60.1 from new calculations. Changes in heterozygosity and FIS values were low, at most 1.5%, and a high heterozygote deficiency persisted. The exact test for population differentiation remained highly significant, with the mean p value < lo4.
No significant genotypic linkage disequilibrium between loci was detected in any population (p > 0.05 for each pairwise comparison), suggesting that the loci give independent estimates of population genetic parameters.
Discussion
Our study suggests that microsatellites may be a useful tool for population genetic studies in the S. darnnosum complex. We isolated and characterized five loci. Primer sequence conservation was examined across some species of the complex, including S. squamosum (Sanaga, Cameroon), S. soubrense (Soubre, Ivory Coast) , and S. sirbanzim (Zandji, Benin) . At all loci, the primer pairs were found to successfully amplify the target sequence across every species tested. These results sug-, . y gest an interspecific conservation of the flanking regions of microsatellites within the S. damnosum complex, making these markers useful in population genetics, whatever the species of the complex. Of the five microsatellite loci used in this study, four were Sanaga (Cameroon) . By contrast, locus H3-4 appears monomorphic for these latter samples (P. Barbazan, personal communication) . Although these molecular markers were not developped for species diagnosis, their allelic distribution and polymorphism might then be useful for fly identification. In conclusion, contributions using microsatellites may shed some light on the complexity of S. damnosuh s.1. and the vector-parasite relationships, the migration behavior of adult flies in relation to their breeding site, and the recolonization process, which can be source of reactivation of foci, and assist in the identification of insecticide-resistant populations. Population genetic studies seem to be a promising approach to understanding vector transmission and the epidemiology and control of onchocerciasis.
